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EFFECTS 

W 

A b s t r a c t  

S t r u c t u r a l  Performance and r e s i z i n g  (SPAR) 
f i n i  t e - e l  ement thermal  ana lys i  s computer program 
was used i n  t h e  heat  t r a n s f e r  a n a l y s i s  o f  t h e  
space s h u t t l e  o r b i t e r  wing sub jec ted  t o  r e e n t r y  
aerodynamic heat ingl .  'Ry add ing  s u f f i c i e n t  e x t e r -  
n a l  fo rced c o n v e c t i v e  c o o l i n g  near t h e  end of t h e  
h e a t i n g  c y c l e ,  t h e  c a l c u l a t e d  s u r f a c e  tempera tures  
o f  t h e  thermal p r o t e c t i o n  system (TPS) agree 
f a v o r a b l y  w i t h  t h e  f l i g h t  da ta  f o r  t h e  e n t i r e  
f l i g h t  p r o f i l e .  However, t h e  e f f e c t s  o f  t h i s  
e x t e r n a l  f o rced  c o n v e c t i v e  c o o l i n g  on t h e  s t r u c -  
t u r a l  tempera tures  were found t o  be n e g l i g i b l e .  
Bo th  f r e e  c o n v e c t i o n  and fo rced  convec t i on  e l e -  
ments were i n t r o d u c e d  t o  model t h e  i n t e r n a l  
c o n v e c t i o n  e f f e c t  o f  t h e  coo l  a i r  e n t e r i n g  t h e  
s h u t t l e  i n t e r i o r .  The i n t r o d u c t i o n  o f  t h e  i n t e r -  
n a l  f r e e  convec t i on  e f f e c t  decreased t h e  c a l c u -  
l a t e d  wing lower  s k i n  tempera tures  by 2OoF a t  
most,  1200 sec a f t e r  touchdown. I f  t h e  i n t e r n a l  
convec t i on  i s  t r e a t e d  as fo rced  convec t ion ,  t h e  
c a l c u l a t e d  wing lower  s k i n  tempera tures  a f t e r  
touchdown can be reduced t o  match t h e  f l i g h t -  
measiired d a t a  ve ry  c l o s e l y .  By reduc ing  t h e  TPS 
t h i c k n e s s e s  t o  c e r t a i n  e f f e c t i v e  th i cknesses  t o  
account  f o r  t h e  TPS gap hea t ing ,  t h e  c a l c u l a t e d  
w ing  lower  s k i n  tempera tures  p r i o r  t o  touchdown 
can be r a i s e d  t o  agree w i t h  t h e  f l i g h t  d a t a  
p e r f e c t l y .  

I n t r o d u c t i o n  

Thermal behav io r  o f  t h e  space s h u t t l e  o r b i t e r  
s t r u c t u r e  sub jec ted  t o  t h e  r e e n t r y  aerodynamic 
h e a t i n g s  has been e x t e n s i v e l y  analyzed by KO, 
Qu inn ,  Gong, Schuster,  and Gonzales.1-5 The 
a u t h o r s  used t h e  newly developed s t r u c t u r a l  pe r -  
formance and r e s i z i n g  (SPAR) f i n i t e - e l e m e n t  
thermal  a n a l y s i s  computer program6 t o  c a l c u l a t e  
s h u t t l e  s t r u c t u r a l  tempera tures .  The p r e d i c t e d  
and fl ight-measured s t r u c t u r a l  tempera tures  agreed 
f a i r l y  w e l l  a t  most o f  t h e  s t r u c t u r e  s t a t i o n s .  
However, i n  some s t r u c t u r a l  l o c a t i o n s  (such as t h e  
w ing  lower  s k i n  and fuse lage  bo t tom s k i n ) ,  t h e  
s t r u c t u r a l  t empera tu re  p r e d i c t i o n s  were u n s a t i s -  
f a c t o r y  f o r  t h e  t i m e  r e g i o n  a f t e r  touchdown. 

I n  t h e  a u t h o r s '  e a r l i e r  work.1-5 t h e  e f f e c t  
o f  t h e  i n t e r n a l  convec t i on  ( f r e e  c o n v e c t i o n  o r  
f o rced  c o n v e c t i o n )  o f  t h e  airmass i n s i d e  t h e  shu t -  
t l e  s t r u c t u r e  was neg lec ted  because t h e  e a r l i e r  
( l e v e l  16  v e r s i o n )  SPAR thermal  a n a l y s i s  program 
c o u l d  n o t  hand le  t h e  f r e e  convec t ion .  Dur ing  t h e  
s h u t t l e  r e e n t r y  f l i g h t ,  t h e  o u t s i d e  coo l  a i r  i s  
a l l o w e d  t o  e n t e r  t h e  i n t e r i o r  o f  t h e  s h u t t l e  a t  
1400 sec from r e e n t r y  ( o r  a t  100,000 f t  a l t i t u d e ) .  
T h i s  coo l  a i rmass c o u l d  coo l  t h e  s h u t t l e  s t r u c t u r e  
t o  some degree. I n  a d d i t i o n ,  opening t h e  ven ts  a t  
t h e  s h u t t l e  wing r o o t $  p r i o r  t o  touchdown may 
cause t h e  i n t e r i o r  coo l  a i r  t o  f l ow ,  c r e a t i n g  some 
~- ~~~ 
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f o r c e d  convec t ion .  N e g l e c t i n g  t h e  i n t e r n a l  can- 
v e c t i o n  e f f e c t  i n  p rev ious  the rma l  a n a l y s i s  Could 
have caused t h e  p r e d i c t e d  s t r u c t u r a l  tempera tures  
i n  t h e  aforement ioned reg ions  t o  be  h i g h e r  t h a n  
t h e  measured s t  r uc t u r  a1 tempera tures  a f t e r  touch-  
down, as shown i n  F ig .  1. 

Another cause of  t h e  d i s c r e p a n c i e s  between t h e  
p r e d i c t e d  and t h e  measured s t r u c t u r a l  tempera tures  
c o u l d  be t h e  i n s u f f i c i e n t  n e g a t i v e  h e a t i n g  ( o r  
f o rced  c o n v e c t i v e  c o o l i n g )  nea r  t h e  end of t h e  
hea t  i n p u t  c y c l e  used i n  p rev ious  thermal  a n a l y s i s  
(see F ig .  2). More r e c e n t  v e r s i o n s  ( l e v e l  25, 
Aug. 1983 and l e v e l  26, May 1984) o f  t h e  SPAR 
the rma l  a n a l y s i s  program can hand le  t h e  f r e e  con- 
v e c t i o n  e f f e c t .  The re fo re ,  t h e  purpose o f  t h i s  
r e p o r t  i s  t o  i n t r o d u c e  b o t h  t h e  f r e e  and fo rced 
c o n v e c t i o n  elements t o  an e x i s t i n g  SPAR thermal  
model f o r  t h e  s h u t t l e  wing, and t o  show how each 
t y p e  o f  i n t e r n a l  convec t i on  a f f e c t s  t h e  c o r r e l a -  
t i o n  between t h e  p r e d i c t e d  and t h e  measured s t r u c -  
t u r a l  tempera tures .  A1 so d i scussed  a r e  t h e  
e f f e c t s  o f  TPS gap h e a t i n g s  and o f  t h e  r e v i s e d  
heat  i n p u t  w i t h  p roper  i n t e n s i t y  o f  f o r c e d  convec- 
t i v e  c o o l i n g  ( n e g a t i v e  h e a t i n g )  near t h e  end of  
t h e  r e e n t r y  f l i g h t .  

Nomenclature 

C 41 

c 53 

C i  

FC GEOM 

h 

t i  

J1 t o  J4  

JLOC 

N I  

NJ 

SPAR 

STS-5 

THEOSKIN 

T PS 

four -node f o r c e d  c o n v e c t i o n  element 

f i ve -node  f r e e  c o n v e c t i o n  element 

c h a r a c t e r i s t i c  l e n g t h s  used i n  
comput ing hea t  t r a n s f e r  c o e f f i -  
c i e n t s ,  i n  

SPAR computer program da ta  s e t  name 
f o r  comput ing f r e e  c o n v e c t i o n  hea t  
t r a n s f e r  c o e f f i c i e n t s  

TPS t h i c k n e s s ,  i n  

e f f e c t i v e  TPS t h i c k n e s s ,  i n  

f l u i d  nodes f o r  f r e e  c o n v e c t i o n  

j o i n t  l o c a t i o n  ( o r  node, o r  g r i d  
p o i n t )  

SPAR i ndex  used i n  SPAR program 

SPAR index  used i n  SPAR program 

s t r u c t u r a l  performance and r e s i z i n g  

space t r a n s p o r t a t i o n  system, 
f l i g h t  5 

t h e o r e t i c a l  s k i n  h e a t i n g  

thermal  p r o t e c t i o n  system 



T80 

T l O O  

Tdata 

t 

V i  

V07T. V09T 

us 

YO 

Subsc r i  p t  s : 

i 

wing lower s k i n  tempera ture  ca lcu-  
l a t e d  us ing  80-percent TPS t h i c k -  
ness, OF 

1 a ted  u s i n g  100-percent TPS t h i c k -  
ness, O F  

temperature,  O F  

wing lower s k i n  tempera ture  ca lcu-  

f l igh t -measured wing lower  s k i n  

t ime ,  sec 

f l u i d  volumes f o r  f r e e  conv.ection 

thermocouple i d e n t i f i c a t i o n  number 

wing segment 

s t a t i o n  i n  y a x i s  

index ,  i=l,2,3,4 

D e s c r i p t i o n  o f  Problem 

The d i scuss ions  i n  t h i s  r e p o r t  a r e  l i m i t e d  t o  
t h e  thermal a n a l y s i s  o f  t h e  wing segment US240 
shown i n  F ig .  3. The heat  i n p u t  t o  t h e  thermal 
model i s  based on t h e  a c t u a l  t r a j e c t o r y  ( rep re -  
sented by c i r c l e ,  diamond, and t r i a n g l e  symbols) 
o f  space t . r a n s p o r t a t i o n  system, f l i g h t  5 (STS-5) 
shown i n  F ig .  4. The US240 thermal  model, w i t h o u t  
t h e  i n t e r n a l  convec t i on  elements used i n  t h e  pre-  
v ious  thermal ana lys is ,4  i s  shown i n  F ig .  5. The 
STS-5 su r face  h e a t i n g  r a t e s  p r e v i o u s l y  i n p u t  t o  
t h e  thermal model US240 a r e  presented i n  Fig.  2. 
N o t i c e  t h a t  most o f  t h e  h e a t i n g  curves f o r  t h e  
TPS sur face  s t a t i o n s  have l i t t l e  c o o l i n g  (nega t i ve  
h e a t i n g  because o f  f o rced  convec t i ve  c o o l i n g )  near 
t h e  ends o f  t h e  h e a t i n g  cyc les .  The h e a t i n g  r a t e s  
shown i n  F ig .  2 generated agreement between t h e  
c a l c u l a t e d  and t h e  measured TPS s u r f a c e  tempera- 
t u r e s  f o r  most o f  t h e  r e e n t r y  p r o f i l e  shown i n  
F ig .  6. However, d u r i n g  a narrow t i m e  span near 
touchdown p o i n t ,  t h e  measured lower  TPS s u r f a c e  
temperatures show more sur face  coo l i ngs .  
US240 s u b s t r u c t u r a l  temperatures p r e v i o u s l y  c a l -  
c u l a t e d  u s i n g  t h e  STS-5 heat  i n p u t  a r e  shown i n  
F ig .  1. For  t h e  upper sk in ,  t h e  p r e d i c t e d  and t h e  
f l  ight-measured s t r u c t u r a l  tempera tures  agreed 
reasonab ly  w e l l .  However, t h e  p r e d i c t e d  and t h e  
measured s t r u c t u r a l  temperatures f o r  t h e  1 Ower 
s k i n  agreed reasonab ly  w e l l  up t o  touchdown. 
A f t e r  t h a t  p o i n t  t h e  da ta  and p r e d i c t i o n  compare 
poor l y .  The measured lower  s k i n  temperatures con- 
s i s t e n t l y  show lower  values. 
s tudy  was t o  improve t h e  fo rced  convec t i ve  c o o l i n g  
near t h e  end o f  t h e  s u r f a c e  h e a t i n g  cyc le ,  t o  
i n t r o d u c e  t h e  i n t e r n a l  f r e e  o r  f o rced  convec t i on  
elements t o  t h e  e x i s t i n g  US240 thermal  model ( w i t h  
o r  w i thou t  t h e  e f f e c t  o f  TPS gap hea t ings ) ,  and 
f i n a l l y  t o  demonstrate how t h e  i n c l u s i o n  of  con- 
v e c t i o n  e f f e c t s  cou ld  improve s t r u c t u r a l  temper- 
a t u r e  p r e d i c t i o n s .  

I n t e r n a l  Convect ions 

The 

The purpose o f  t h i s  

The exac t  n a t u r e  o f  t h e  a i r f l o w  i n s i d e  t h e  
s h u t t l e  wing a f t e r  t he  i n t r o d u c t i o n  o f  t h e  e x t e r -  

n a l  a i r  and a f t e r  t h e  opening o f  ven ts  a t  t h e  wing 
r o o t  was unknown. 
n a l  convec t ions  were considered: ( 1 )  f r e e  convec- 
t i o n  and ( 2 )  f o rced  convec t ion .  

Free Convection. - Fig .  7 shows t h e  f i ve-node 
f ree -convec t i on  elements C53 i n t r o d u c e d  i n s i d e  t h e  
fou r  bays o f  t h e  WS240 thermal  model. Because 
t h e r e  a r e  f o u r  sur faces  o f  d i f f e r e n t  o c i e n t a t i o n s  
f o r  each bay, f o u r  f l u i d  nodes ( l o c a t e d  a t  t h e  
same j o i n t  l o c a t i o n )  had t o  be  used f o r  genera t i ng  
t h e  C53 elements. 
i s  assoc ia ted  w i t h  each o f  t h e  f o u r  smooth su r -  
faces  (no corners ) .  Temperatures o f  t h e  f l u i d  
nodes were n o t  s p e c i f i e d  d u r i n g  t h e  t i m e  p e r i o d  
from t h e  i n i t i a t i o n  o f  r e e n t r y  ( t  = 0 sec) t o  
1400 sec. A f te rwards  t h e  f l u i d  nodal tempera tures  * 
were s e t  equal  t o  t h e  ambient a i r  tempera tures  i n  
o r d e r  t o  s imu la te  t h e  e n t e r i n g  o f  o u t s i d e  coo l  a i r  
i n t o  t h e  s h u t t l e  s t r u c t u r e  a t  t = 1400 sec, o r  
100,000 f t  a l t i t u d e .  

Therefore, two t ypes  o f  i n t e r -  

For  each bay, each f l u i d  node 

F i g u r e  8 shows c h a r a c t e r i s t i c  l e n g t h s  C i  
(i=1,2,3,4), and f l u i d  volumes V i  (i=1,2,3,4) 
assoc ia ted  w i t h  each sur face  of  a t y p i c a l  bay 
used i n  t h e  c o n s t r u c t i o n  o f  da ta  s e t  c a l l e d  
FC GEOM (NASA CR-159162, SPAR Thermal A n a l y s i s  
Processors Reference Manual, r e v i s i o n  ( l e v e l  ) 26, 
May 1984) i n  t h e  c a l c u l a t i o n s  o f  i n t e r n a l  f r e e  
convec t i on  heat  t r a n s f e r .  

Forced Convect ion.  - A f t e r  opening t h e  l a n d i n g  
gear doors  and vents  a t  t h e  wing r o o t s ,  e x t e r n a l  
a i r  w i l l  e n t e r  t h e  s h u t t l e  wing and induce convec- 
t i v e  heat  t r a n s f e r .  I n  o r d e r  t o  account f o r  t h i s  
e f f e c t ,  four -node fo rced  convec t i on  elements C41 
( rep1 ac ing  C53 elements) were i n t roduced  on t h e  
i n t e r i o r  su r faces  o f  f o u r  bays o f  t h e  WS240 t h e r -  
mal model. The heat  t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  
C41 elements were c a l  c u l  a ted  u s i n g  t h e  e f f e c t i v e  
a i r  f l o w  v e l o c i t i e s  i n s i d e  t h e  f o u r  bays, l i s t e d  
i n  Tab le  1. 

The e f f e c t i v e  a i r  f l o w  v e l o c i t i e s  of  Table 1 
were ob ta ined  from t h e  aerosc ience s e c t i o n  o f  t h e  
s h u t t l e  p r ime c o n t r a c t o r .  The f o r c e d  convec t i ve  
hea t  t r a n s f e r  c o e f f i c i e n t s  were c a l c u l a t e d  u s i n g  
c l a s s i c  p i  pe f l  ow theory.7 The n a t u r a l  convec- 
t i v e  heat  t r a n s f e r  c o e f f l c i e n t  was computed by 
t h e  equat ions  g i ven  i n  Ref. 8 f o r  f r e e  convec t i on  
I n  enclosed p lane  gas l a y e r s .  As w i l l  be shown, 
t h e  heat  t r a n s f e r  c o e f f i c i e n t s  o f  Tab le  1 caused 
t h e  c a l c u l a t e d  l ower  s k i n  tempera tures  a f t e r  
touchdown t o  be i n  good t o  e x c e l l e n t  agreement 
w i t h  t h e  measured da ta .  

I 

Ex te rna l  Forced Convect ion 

The aerodynamic h e a t i n g  r a t e s  used i n  t h e  
SPAR thermal  ana lyzer  were computed by a NASA com- e 
p u t e r  program c a l l e d  t h e o r e t i c a l  s k i n  h e a t i n g  
(THEOSKIN). 
c u l a t e d  i n  t h i s  program were computed by t h e  
methods desc r ibed  i n  Refs. 4 and 9. The THEOSKIN 
program so lves  t h e  one-dimensional t h f  n -sk in  
h e a t i n g  equation.10 F o r  t h i s  equat ion ,  t h e  t h e r -  
mal c a p a c i t y  i s  assumed t o  be cons tan t .  The TPS 
s u r f a c e  tempera tures  p r e d i c t e d  by t h e  THEOSKIN 
program a r e  very  c l o s e  t o  t h e  a c t u a l  measured sur -  
f a c e  temperatures,  and c l o s e  t o  t h e  SPAR-predicted 
s u r f a c e  temperatures f o r  most o f  t h e  f l i g h t  p ro-  

The heat  t r a n s f e r  c o e f f i c i e n t s  c a l -  

2 



f i l e .  However, d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  
f l  i y h t  (app rox ima te l y  1500 sec t o  end of r o l l o u t )  , 
t h i s  program ca l  c u l  a ted  s u r f a c e  tempera tures  t h a t  
were s i g n i f i c a n t l y  lower  than  t h e  measured values. 
These lower  tempera tures  occu r red  p r i m a r i l y  be- 
cause heat  was added t o  t h e  TPS s u r f a c e  by con- 
d u c t i o n  f rom t h e  h o t t e r  i n n e r  l a y e r s  o f  t h e  TPS. 
Because o f  these lower  tempera tures ,  t h e  THEOSKIN 
p royram p r e d i c t e d  unrea l  i s t i c  aerodynamic fo rced  
c o n v e c t i o n  h e a t i n g  o r  c o o l i n g  r a t e s ,  o r  bo th .  
Th is  problem was c i rcumvented i n  t h e  thermal ana l -  
y s i s  o f  Refs. 1 t o  5 by assuming t h e  h e a t i n g  r a t e s  
were ze ro  beg inn ing  a t  1500 sec t o  t h e  end o f  
r o l l o u t .  To improve t h e  accuracy o f  t h e  ca l cu -  
l a t e d  h e a t i n g  r a t e s ,  t h e  measured TPS s u r f a c e  tem- 
p e r a t u r e s  were i n p u t  t o  t h e  THEOSKIN program f o r  
t h e  f l i g h t  p r o f i l e  t imes  o f  1500 t o  1900 sec, and 
new h e a t i n g  r a t e s  were c a l c u l a t e d  ( F i g .  9 ) .  These 
new h e a t i n g  r a t e s  (between 1500 and 1900 sec) 
were n e g a t i v e  and , t h e r e f o r e ,  produced fo rced  

p r o f i l e .  

b 

4 c o n v e c t i v e  c o o l i n g  f o r  t h i s  p o r t i o n  o f  t h e  f l i g h t  

-- TPS Gap H e a t i n p  

I n  t h e  p rev ious  thermal  a n a l y s i s  o f  t h e  space 
s h u t t l e  wing, b o t h  80- and 100-percent TPS t h i c k -  
nesses were used f o r  t h e  wing lower  sur face .4  The 
80-percent  TPS t h i c k n e s s  i s  an e f f e c t i v e  th i ckness  
used t o  approx imate  t h e  e f f e c t  o f  t h e  TPS gap 
h e a t i n g .  
t u r e s  be fo re  touchdown always l i e  between t h e  two 
cu rves  o f  w ing  l ower  s k i n  tempera tures  c a l c u l a t e d  
by u s i n g  80- and 100-percent TPS th i cknesses .  The 
iisc o f  80-percent  TPS t h i c k n e s s  r e s u l t e d  i n  ove r -  
e s t i m a t i n g  t h e  wing lower  s k i n  temperatures.4 

The measured wing lower  s k i n  tempera- 

Because t h e  boundary l a y e r  t h i c k n e s s  i nc reases  
w i t h  t h e  f l ow  d i s t a n c e ,  t h e  e f f e c t  o f  TPS gap 
h e a t i n g  w i l l  decrease w i t h  t h e  f l o w  d i s tance .  
Thus, t h e  e f f e c t i v e  TPS t h i c k n e s s  must va ry  w i t h  
t h e  f l o w  d i s t a n c e .  E f f e c t i v e  TPS t h i c k n e s s  f o r  
t h e  w ing  l ower  sur face  may be c a l c u l a t e d  from t h e  
f o l l o w i n g  e m p i r i c a l  equa t ion :  

6 = h l -  [ Tdata - T1oo (1 - 0 . q  (1) 
T80 - T l O O  

where 

T80 = w ing  l ower  s k i n  tempera tu re  a t  t i m e  
t be fo re  touchdown, c a l c u l a t e d  by 
u s i n g  80-percent  TPS t h i c k n e s s  

T i 0 0  = w ing  lower  s k i n  tempera tu re  a t  t i m e  
t be fo re  touchdown, ca'l c u l  a ted  by 
u s i n g  100-percent TPS t h i c k n e s s  

Tdata = f l i gh t -measured  wing lower  s k i n  tem- 
p e r a t u r e  a t  t i m e  t b e f o r e  touchdown 

h = 100-percent  TPS t h i c k n e s s  

f i  = e f f e c t i v e  TPS t h i c k n e s s  

Us ing  t h i s  equa t ion ,  t h e  e f f e c t i v e  TPS th i cknesses  
f o r  t h e  wing lower  su r face  f o r  WS240 ( i n  STS-5) 
were: 

Bay b /h  

1 0.939 
2 0.952 
3 0.95 
4 0.97 

These 6 va lues  were used f o r  t h e  case i n  which 
i n t e r n a l  f o r c e d  convec t i on  was in t roduced .  

R e s u l t s  

TPS Sur face  Temperatures 

F i g u r e  10 shows c a l c u l a t e d  and f l  ight-measured 
TPS s u r f a c e  tempera tures ,  based on t h e  h e a t i n g  
r a t e s  shown i n  F ig .  9. The c o r r e l a t i o n  between 
t h e  c a l c u l a t e d  and t h e  measured d a t a  i s  q u i t e  good 
f o r  t h e  e n t i r e  f l i g h t  p r o f i l e .  Because s u f f i c i e n t  
f o r c e d  c o n v e c t i v e  c o o l i n g  was i n t r o d u c e d  p r i o r  
t o  touchdown (F ig .  9 ) ,  t h e  c a l c u l a t e d  TPS s u r f a c e  
tempera tu re  cu rves  e x h i b i t  a s a t i  s f a c t o r y  Val 1 ey 
b e f o r e  touchdown and f o l l o w  t h e  f l i g h t  d a t a  
c l o s e l y .  

S t  r u c  t u r  a1 Tempe r a t  u res  

F i g u r e  11 shows t h e  comparison o f  c a l c u l a t e d  
s t r u c t u r a l  tempera tures  and t h e  f l  ight-measured I 
t empera tures .  The s t r u c t u r a l  tempera tures  shown 
by  t h e  dashed curves  were c a l c u l a t e d  u s i n g  
100-percent  TPS t h i c k n e s s  and u s i n g  t h e  r e v i s e d  
e x t e r n a l  fo rced c o n v e c t i v e  c o o l i n g .  These s t r u c -  
t u r a l  tempera tures  a r e  e s s e n t i a l l y  t h e  same as t h e  
s t r u c t u r a l  tempera tures  c a l c u l a t e d  w i t h  l i t t l e  
e x t e r n a l  f o r c e d  c o n v e c t i v e  c o o l i n g  (F ig .  1). The 
s t r u c t u r a l  tempera tures  w i t h  t h e  i n t r o d u c t i o n  o f  
i n t e r n a l  f r e e  convec t i on  e f f e c t  ( u s i n g  100-percent  
TPS t h i c k n e s s )  a r e  shown by s o l i d  curves ,  and 
s t r u c t u r a l  tempera tures  w i t h  t h e  i n t r o d u c t i o n  
o f  t h e  i n t e r n a l  f o r c e d  convec t i on  e f f e c t  ( u s i n g  
e f f e c t i v e  TPS t h i c k n e s s )  i s  shown by l o n g - s h o r t  
dashed curves. The c o r r e l a t i o n  between t h e  c a l c u -  
l a t e d  and t h e  measured s t r u c t u r a l  tempera tures  i s  
s a t i s f a c t o r y  f o r  t h e  upper s k i n  f o r  t h e  e n t i r e  
f l i g h t  p r o f i l e .  The c o r r e l a t i o n  was very good f o r  
t h e  l ower  s k i n  up t o  touchdown, i f  t h e  e f f e c t i v e  
TPS t h i c k n e s s  i s  used. The e f f e c t  o f  i n t e r n a l  
f r e e  convec t i on  decreased t h e  w ing  lower  s k i n  tem- 
p e r a t u r e s  by a maximum o f  2OoF a t  1200 sec a f t e r  
touchdown, b u t  d i d  n o t  cause t h e  l o w e r  s k i n  tem- 
p e r a t u r e  curves  t o  d rop  l o w  enough t o  f o l l o w  th'e 
f l i g h t  d a t a  a f t e r  touchdown. Fo r  t h e  case w i t h  
t h e  e f f e c t  o f  f o r c e d  i n t e r n a l  convec t i on ,  t h e  
c a l c u l a t e d  wing l ower  s k i n  tempera tu re  cu rves  
f o l l o w  t h e  measured da ta  a lmost  p e r f e c t l y  a f t e r  
touchdown f o r  bays 1, 2, and 3 and f a i r l y  good f o r  
bay 4. T h i s  i n d i c a t e s  t h a t  t h e  i n t e r n a l  convec- 
t i o n  p r i o r  t o  touchdown i s  fo rced  convec t i on .  The 
' s l i g h t  d i f f e r e n c e  between t h e  d a t a  and t h e  f o r c e d  
c o n v e c t i o n  c u r v e  f o r  bay 4 a f t e r  touchdown may be  
a t t r i b u t e d  t o  t h e  thermal  i n t e r a c t i o n  w i t h  t h e  
e l e v o n  s t r u c t u r e ,  wh ich  was neg lec ted  i n  t h e  SPAR 
the rma l  a n a l y s i  s. 

1 

Concl u s i  ons 

F i n i t e - e l e m e n t  hea t  t r a n s f e r  a n a l y s i s  was per -  
formed on t h e  s h u t t l e  w ing  segment sub jec ted  t o  

3 



STS-5 r e e n t r y  hea t ing .  Wi th  t h e  i n t r o d u c t i o n  of  
s u f f i c i e n t  e x t e r n a l  f o rced  convec t i ve  c o o l i n g  near 
t h e  end of t h e  hea t ing  cyc le ,  t h e  c a l c u l a t e d  TPS 
s u r f a c e  temperatures fo l l owed  t h e  f l i g h t  d a t a  f o r  
t h e  e n t i r e  f l i g h t  p r o f i l e ;  t h e  c o r r e l a t i o n  between 
t h e  c a l c u l a t e d  and measured TPS su r face  tempera- 
t u r e s  became n e a r l y  p e r f e c t  d u r i n g  t h e  c o o l i n g  
t i m e  r e g i o n  immediately p r i o r  t o  touchdown. How- 
ever ,  t h i  s improved agreement had neg l  i g i  b l  e 
e f f e c t s  on the  s t r u c t u r a l  tempera tures .  

I n t e r n a l  f r e e  convec t i on  lowered t h e  c a l c u l a t e d  
wing lower  s k i n  tempera tures  by a maximum 20°F a t  
1200 sec a f t e r  touchdown, b u t  d i d  n o t  cause ca l cu -  
l a t e d  wing lower s k i n  tempera tures  t o  decrease 
enough t o  f i t  t h e  f l i g h t  d a t a  a f t e r  touchdown. 

By t r e a t i n g  t h e  i n t e r n a l  convec t i on  as f o r c e d  
convec t ion ,  t h e  c a l c u l a t e d  wing lower  s k i n  temper- 
a t u r e s  a f t e r  touchdown c o u l d  be lowered enough t o  
f i t  t h e  f l i g h t  da ta  a lmost  p e r f e c t l y  f o r  bays 1, 
2, and 3 and f a i r l y  good f o r  bay 4. 

Us ing  t h e  e f f e c t i v e  TPS t h i c k n e s s  f o r  t h e  wing 
lower  s u r f a c e  t o  account f o r  t h e  TPS gap hea t ing ,  
t h e  c a l c u l a t e d  and measured wing l ower  s k i n  tem- 
p e r a t u r e s  p r i o r  t o  touchdown agreed ve ry  w e l l .  
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and assoc ia ted  heat  t r a n s f e r  c o e f f i c i e n t s  

f o r  i n t e r n a l  f o r c e d  convec t i on  
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E f f e c t i v e  a i  r Heat t r a n s f e r  
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f t l s e c  B t  u l s e c - i  

Time, 
sec 

1750 25 3.30 x 10-6 
1850 25 4.00 x 10-6 
2000 15  2.73 x 10-6 
3000 0 0.35 x 10-6* 

*0.35 x 10-6 i s  t h e  hea t  t r a n s f e r  coe f -  
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